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Bacterial biofilms are important medically, environmentally and industrially and there is a
need to understand the processes that govern functional synergy and dynamics of
species within biofilm communities. Here, we have used a model, mixed-species biofilm
community comprised of Pseudomonas aeruginosa PAO1, Pseudomonas protegens
Pf-5 and Klebsiella pneumoniae KP1. This biofilm community displays higher biomass and
increased resilience to antimicrobial stress conditions such as sodium dodecyl sulfate and
tobramycin, compared to monospecies biofilm populations. P. aeruginosa is present at
low proportions in the community and yet, it plays a critical role in community function,
suggesting it acts as a keystone species in this community. To determine the factors that
regulate community composition, we focused on P. aeruginosa because of its
pronounced impact on community structure and function. Specifically, we evaluated
the role of the N-acyl homoserine lactone (AHL) dependent quorum sensing (QS) system
of P. aeruginosa PAO1, which regulates group behaviors including biofilm formation and
the production of effector molecules. We found that mixed species biofilms containing P.
aeruginosa QS mutants had significantly altered proportions of K. pneumoniae and
P. protegens populations compared to mixed species biofilms with the wild type
P. aeruginosa. Similarly, inactivation of QS effector genes, e.g. rhlA and pvdR, also
governed the relative species proportions. While the absence of QS did not alter the
proportions of the two species in dual species biofilms of P. aeruginosa and K.
pneumoniae, it resulted in significantly lower proportions of P. aeruginosa in dual
species biofilms with P. protegens. These observations suggest that QS plays an
important role in modulating community biofilm structure and physiology and affects
interspecific interactions.

Keywords: quorum sensing, species interactions, multispecies, biofilms, Pseudomonas aeruginosa, Pseudomonas
protegens, Klebsiella pneumoniae
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INTRODUCTION

Bacterial biofilms are made up of surface-attached or suspended
aggregates encased in self-produced extracellular polymeric
substances (EPS). Biofilms in natural systems normally contain
a rich mixture of species. In addition to the species level diversity,
biofilms can also contain cells that are physiologically diverse due
to various chemical gradients (e.g. oxygen, carbon source etc.) in
different parts of the biofilm (exposed surface vs. interior) (Davey
and O’Toole G, 2000). Biofilm communities have been shown to
display a number of emergent properties, including enhanced
stress and antimicrobial tolerance, increased biomass and
reduced genetic variation relative to comparable monospecies
biofilms (Flemming et al., 2016). Such effects are not observed for
planktonic communities suggesting that these behaviors are
biofilm specific. Biofilm formation may enable such responses
due to the ability of species to optimize their spatial organization,
e.g. to colocalize with collaborating species or to avoid
competitors. The biofilm matrix plays a key role in these
processes, enabling and stabilizing localization. The matrix
further facilitates the establishment of gradients that result in
for the formation of microniches that further allow for
specialized growth, e.g. growth of anaerobes under otherwise
oxygenic conditions (Flemming and Wingender, 2010). In this
context, it is clear that microorganisms can modify their
environment for optimal growth.

Interactions between individual species that contribute to the
assembly and stability of a multi-species biofilm are still not well
characterized. It is also clear that, just as observed in macroscale
ecosystems, successionary processes are important for microbial
communities. For example, in an oral biofilm, the initial colonizer
tends to be Streptococcus sp., followed by the bridging species
Fusobacterium nucleatum and finally by Porphyromonas gingivalis
(Kommerein et al., 2018). Another example is the association of
Aggregatibacter actinomycetemcomitans utilizing lactate produced
by other oral bacteria such as Streptococcus gordonii to form
biofilms of higher biomass (Brown and Whiteley, 2007). Thus, it
is clear that bacteria undergo ecological processes that are similar to
those described for higher organisms.

In this study, we investigated a 3-species biofilm community
consisting of Pseudomonas aeruginosa PAO1, Pseudomonas
protegens Pf-5 and Klebsiella pneumoniae KP1. These three
species are reported to occur together as a community in the
gut of Bombyx mori and in other environments along with
various bacterial species (Chazal, 1995; Anand et al., 2010).
Moreover, this mixed-species biofilm is highly reproducible in
structure and viable cell counts under well-defined conditions,
and therefore suitable for molecular studies into community
dynamics (Jackson et al., 2001; Stoodley et al., 2001; Lee et al.,
2014). Previously, we showed that this mixed-species community
generated higher biomass and resistance to stress conditions,
such as antibiotics (tobramycin), detergent sodium dodecyl
sulfate (SDS) and predation (unpublished), than individual
biofilms (Lee et al., 2014). Further, these effects were only
observed when the community grew in a spatially organized
biofilm and were not apparent for planktonic communities.
Interestingly, P. aeruginosa, arguably one of the best studied
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model biofilm forming organisms, was the least abundant,
between 1-10% of the entire community. When the percentage
of P. aeruginosa was artificially increased by substituting the wild
type strain with a more competitive, natural genetic variant,
many of the emergent properties, e.g. stress resistance of the
community, were lost. This would argue that, despite its low
overall abundance, P. aeruginosa exerts a disproportionate effect
on the rest of the community. Such species are frequently
described as keystone organisms. We therefore wanted to
explore the mechanisms by which this keystone organism
controls community biofilm development.

One of the mechanisms used by P. aeruginosa PA01 to
regulate biofilm formation, maturation and interspecies
interactions is quorum sensing (QS). QS is a cell-cell
communication system where bacteria produce and respond to
signals to coordinate gene expression at the population level.
There are four primary QS gene circuits reported for P.
aeruginosa PAO1, the AHL-dependent Las and Rhl systems
and the quinolone dependent PQS and IQS signaling systems
(Lee et al., 2013; Lee and Zhang, 2015). The Las QS system,
which produces and responds to 3-Oxododecanoyl)-L-
homoserine lactone (3-oxo-C12-HSL), is the dominant system
that can regulate both the Rhl and PQS systems (Gambello and
Iglewski, 1991). The Rhl system produces and responds to N-
butanoyl-L-homoserine lactone (C4-HSL) while the PQS system
mainly produces and responds to 2-heptyl-3-hydroxy-4-
quinolone (PQS) (Ochsner and Reiser, 1995; Pearson et al.,
1995; Lee and Zhang, 2015). QS controls the expression of
multiple effector molecules that have been shown to play
important roles in surface colonization, nutrient acquisition
and virulence for monospecies biofilms. Most studies of the
role of QS in species interactions have focused on cross-species
signaling. For example, it has been shown that signal production
by Pantoea agglomerans or Erwinia toletana could rescue
virulence in a signal deficient mutant of Pseudomonas
savastanoi (Hosni et al., 2011). Similarly, it has been shown
that P. aeruginosa and Burkholderia cepacia display signal cross
talk in a mouse lung infection model (Riedel et al., 2001). While
there are several reports of the role of QS in controlling
expression of compounds with antimicrobial activity (Moons
et al., 2006; Lesic et al., 2009; Abdel-Mawgoud et al., 2010), the
overall role of QS as a regulator of interspecies interactions with
mixed species biofilms is relatively poorly understood, especially
in the context of QS regulated effectors.

Here, we report a role for P. aeruginosa PAO1 AHL QS in
determining the composition of the three species biofilm
community consisting also of P. protegens Pf-5 and K.
pneumoniae KP1. We have generated isogenic, double-mutants of
P. aeruginosaPAO1 inLas andRhl systems anddetermined its effect
on composition and structural properties of the 3-species biofilm.
MATERIALS AND METHODS

Strains, Media, and Growth Conditions
Bacteria (Table 1) were grown either in M9 minimal medium (48
mM Na2HPO4; 22 mM KH2PO4; 9 mM NaCl; 19 mM NH4Cl; 2
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mM MgSO4; 0.1 mM CaCl2; and 0.04% w/v glucose) supplemented
with 0.2% w/v casamino acids (M9 Cas glu minimal medium), LB
medium (Lysogeny Broth; 10 g l−1 NaCl; 10 g l−1 tryptone; 5 g l−1

yeast extract) or ABTC medium (A + B salts of Clark and Maaløe
supplemented with 2.5 mg thiamine liter-1 and 10 mM citrate)
(Clark and Maaløe, 1967). Antibiotics when required were used at
the following concentrations unless otherwise stated: gentamicin
60 µg ml-1 (Gm; MP Biomedicals, Singapore), carbenicillin 200 µg
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
ml−1 (Cb; MP Biomedicals, Singapore) and chloramphenicol 10 µg
ml-1 (Cm; MP Biomedicals, Singapore). All P. aeruginosa, P.
protegens and K. pneumoniae cultures were grown at room
temperature (25 °C) for 24 h with shaking (200 rpm) and used
for flow-cell cultivation. Overnight Escherichia coli cultures were
grown at 37 °C with shaking (200 rpm). Overnight cultures of P.
aeruginosa were also grown at 37 °C with shaking (200 rpm) for
mutant generation and conjugation was carried out at 30 °C.
TABLE 1 | Bacteria and plasmids used in this study.

Species or strain Genotypic and phenotypic characteristics Source or reference

P. protegens Pf-5b Wild type ATCC BAA-477a

P. aeruginosa PAO1 Wild type ATCC BAA-47a

K. pneumoniae KP-1 Wild type (Lee et al., 2014)
E. coli S17-1 lpir hsdR recA pro RP4-2 (Tc::Mu; Km::Tn7; l pir) (Simon et al., 1983)
P. aeruginosa lasIrhlI Derivative of P. aeruginosa PAO1 wild type in which both lasI and rhlI are deleted This study
P. aeruginosa lasRrhlR Derivative of P. aeruginosa PAO1 wild type in which both lasR and rhlR are

deleted
This study

P. aeruginosa MPAO1 Wild type for the P. aeruginosa transposon mutants (Davey and O’Toole G, 2000; Flemming et al., 2016)
aprA Derivative of MPAO1; PW3252;

aprA-E10::ISlacZ/hah
(Davey and O’Toole G, 2000; Flemming et al., 2016)

aprD Derivative of MPAO1;
PW3244;
aprD-D11::ISlacZ/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

hcnB Derivative of MPAO1; PW4739;
hcnB-H03::ISphoA/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

lasB Derivative of MPAO1;
PW7302;
lasB-F10::ISphoA/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

phzA1 Derivative of MPAO1;
PW8143;
phzA1-B05::ISphoA/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

phzM Derivative of MPAO1;
PW8141;
phzM-A05::ISlacZ/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

pqsA Derivative of MPAO1;
PW2799;
pqsA-H04::ISlacZ/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

pqsE Derivative of MPAO1;
PW2806;
pqsE-G04::ISlacZ/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

pvdR Derivative of MPAO1;
PW5016;
PA2389-C08::ISphoA/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

rhlA Derivative of P. aeruginosa PAO1 wild type in which rhlA is deleted (Rahim et al., 2001; Pamp and Tolker-Nielsen,
2007)

sdsA1 Derivative of MPAO1;
PW2345;
sdsA1-F05::ISlacZ/hah

(Davey and O’Toole G, 2000; Flemming et al., 2016)

Plasmids Relevant characteristics Source or reference

pFLP2 Apr; modified pUCP20T vector carrying inducible Flp recombinase and sacB+

gene
(Hoang et al., 1998)

pRK600 Cmr ColE1 oriV RP4 oriT; helper plasmid in triparental matings (Kessler et al., 1992)
pTNS1 Apr; derivative of pUX-BF13 carrying the tnsABCD genes (Choi et al., 2005)
pUC18T-mini-Tn7T-Gm-
eyfp

Gmr on mini-Tn7T; mobilizable; for YFP tagging of Gms bacteria (Choi and Schweizer, 2006)

pEX18ApGW Apr, Cmr; ccdB, sacB+; Gateway compatible suicide vector for Pseudomonas (Choi and Schweizer, 2005)
pK18GT Gmr; Broad-host-range gene replacement vector, sacB+ (An et al., 2010)
pUCP22notI Pseudomonas-E. coli shuttle plasmid (West et al., 1994)
pUCP22notI+R2 pUCP22notI carrying full length lasR and rhlR with their endogenous promoters This study
aAmerican Type Culture Collection (ATCC) number.
bPseudomonas fluorescens has recently been renamed as Pseudomonas protegens (Ramette et al., 2011; Lim et al., 2013).
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Generation of Pseudomonas aeruginosa
Quorum Sensing Mutants
To generate P. aeruginosa PAO1 mutants, lasR, rhlI, and rhlR
were amplified to include positions 500 bp and 1000 bp upstream
and downstream, respectively, using Phusion polymerase (New
England Biolabs, NEB, Ipswich, MA, USA) and cloned into the
suicide vector pK18GT (Table 1). For lasI, 500 bp flanking the 5’
and 3’ ends of the gene were amplified in the same manner and
cloned into the suicide vector pEX18ApGW (primers are
indicated in Table S1). The PCR temperature cycling
conditions for amplifying the upstream and downstream
regions were as follows: initial denaturation for 30 s at 98°C,
followed by 35 standard cycles: denaturation at 98°C for 10 s,
primer annealing for 30 s at 69°C, and primer extension at 72°C
for 15 s for 500 bp or 30 s for 1000 bp. Both cloning reactions
were carried out using the Gibson Assembly Cloning kit (NEB,
Beverly, MA, USA). The suicide plasmid constructs were verified
by sequencing using vector specific primers pK18F and pK18R
(Table S1) and mobilized into wild type P. aeruginosa PAO1
either by biparental or triparental mating using pRK600 as the
helper plasmid. For biparental mating, the deletion constructs in
the suicide plasmids were maintained in Escherichia coli S17-1
lpir. The single recombinants were selected on ABTC medium
containing gentamicin (60 µg ml-1). Mutant colonies were
selected on ABTC plates containing 15% sucrose and further
checked for sensitivity to gentamicin, which would be indicative
of double recombination. Finally, each putative mutant was
tested by PCR to confirm the in-frame deletion by PCR
amplification using primers specific to flanking region (Table
S1) and Sanger sequencing (AITbiotech, Singapore). The lasIrhlI
mutant was generated by deleting lasI in the rhlI mutant
background while the lasRrhlR double mutant was generated
by deleting lasR in the rhlR mutant background using the
same strategy.
Fluorescent Marking of Wild-Type
Pseudomonas aeruginosa, Quorum
Sensing Mutants, and Quorum Sensing
Target Mutants With eyfp
The eyfp gene was introduced as described previously (Choi
and Schweizer, 2006). Briefly, overnight cultures were
washed with 300 mM sucrose at room temperature to generate
electrocompetent cel ls . These were simultaneously
electroporated with 500 ng of pUC18T-mini-Tn7T-Gm-eyfp
and pTNS1 and plated on LB agar containing gentamicin 100
µg ml-1. Positive colonies were verified by checking for the
expression of eyfp by confocal laser scanning microscopy
(CLSM) (LSM780, Carl Zeiss, Singapore) (excitation
wavelength 514 nm and emission wavelength 527 nm).

Generation of Fluorescent Protein-Tagged
Gentamicin-Sensitive Strains
It was necessary to excise the gentamicin marker to enable
complementation with a gentamicin resistant vector.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
Therefore, the gentamicin cassette was removed from the eYFP
tagged wild type and QS mutants lasRrhlR and lasIrhlI as
previously described (Choi and Schweizer, 2006). Briefly,
electrocompetent cells were prepared by washing with 300 mM
sucrose solution and electroporated with 20-50 ng pFLP2
plasmid (Choi and Schweizer, 2006). The transformants were
diluted 1000 fold and plated on LB+ Cb200 plates. Single
colonies were checked for antibiotic susceptibility by patching
on both LB+ Gm100 and LB+ Cb200 plates. Gentamicin
sensitive colonies were checked for the presence of eYFP by
CLSM (LSM780, Carl Zeiss, Singapore).

Generation of Complementation
Constructs
The full length lasR (1220 bp) and rhlR (1226 bp) genes, along
with their endogenous promoter regions, were amplified from
the P. aeruginosa wild type (Table 1). The PCR temperature
cycling conditions for amplifying the full length genes were as
follows: initial denaturation for 30 s at 98°C, followed by 35
standard cycles: denaturation at 98°C for 10 s, primer annealing
for 30 s at 69°C, and primer extension at 72°C for 45 s. Both lasR
and rhlR fragments were ligated together by overlap splice PCR
to obtain a single PCR fragment of 2446 bp. This was done by
setting up a PCR reaction containing both full length gene PCR
products without any primer for 10 cycles (for overlap extension)
followed by the standard PCR with primers RhlRHinF2 and
LasREcoR2 for the next 30 cycles (Table S1). This was then
cloned into pUCP22notI at the smaI site to generate
pUCP22notI+R2. The presence of both genes was confirmed
by sequencing using vector specific universal primers M13F and
M13R (AITbiotech, Singapore). The gentamicin sensitive P.
aeruginosa lasRrhlR mutant was then transformed with the
pUCP22notI+R2 by electroporation (25 mF, 200 W and
2.5 kV cm−1) using a Gene Pulsar (Biorad, Hercules, CA, USA).

Phenotypes Assessed for
Complementation
Swarming plates containing 0.5% w/v Bacto agar, 0.5% w/v
peptone, 0.2% w/v yeast extract and 1% w/v glucose were
prepared as previously described (Chang et al., 2014). Bacteria
were diluted to 0.1 OD600 and 2 µl was inoculated at the center of
the swarming agar plate. Plates were incubated for 16 h and the
diameter of swarming zone was measured. Elastase activity was
determined as previously described (Yin et al., 2015). Briefly, 100
µl of culture supernatant was added to 900 µl of Elastin-Congo
Red (ECR) buffer (100 mM Tris, 1 mmCaCl2, pH 7.5) containing
20 mg ECR. This was then incubated overnight at 37˚C with
shaking. The samples were then centrifuged (4000 g for 10 min at
4˚C) to remove insoluble ECR. The absorbance (OD495) of the
supernatant was determined and sterile medium was included as
a negative control. The change in absorbance was calculated to
determine the change in elastase activity. Protease activity was
determined by inoculating strains onto LB agar plates
containing 1% skimmed milk. After incubation at 37˚C
overnight, the diameter of clearance zones around the colonies,
corresponding the protease activity was measured.
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Continuous Flow-Cell Cultivation of
Biofilms, Imaging, and Analyses
Flow-cell biofilms were established as previously described (Lee
et al., 2014). Briefly, biofilms were cultivated in 3 channel flow
cells having channel dimensions 40 mm x 4 mm x 1 mm. The
flow cells were supplied with M9 cas glucose at the rate of 9 ml
h-1 per channel. Each channel was injected with bacterial
suspensions adjusted to approximately 1x108 cells ml-1. Mixed
species biofilms were established by inoculating mixed cultures
of P. aeruginosa PAO1, P. protegens Pf-5 and K. pneumoniae in
the ratio of 5:5:1, respectively. Biofilms were imaged by CLSM
(LSM780, Carl Zeiss, Singapore) as described (Lee et al., 2014).
For each flow cell channel, 5 image stacks were acquired from the
center of the channel at a distance of 5-10 mm from inlet to give a
total of 15 image stacks per strain/genotype of mixed species
biofilm. Three independent, replicate flow cells evaluated for
each strain/combination. The image stacks were quantified using
IMARIS (Bitplane AG, Belfast, UK). Statistical analyses were
carried out by GraphPad Prism version 9 for windows, GraphPd
software (La Jolla, California, USA, www.graphpad.com). Biofilm
structure analysis was carried out with the COMSTAT 2.1 image
analysis software package with default setting (Heydorn et al.,
2000a; Heydorn et al., 2000b).

Growth and Batch Biofilm Experiments
The growth of strains in M9 medium supplemented with
casamino acids and glucose was monitored by inoculating in
96 well plates at an initial OD600 of 0.01 and incubating at room
temperature for 24 h. Batch biofilm experiments were carried out
as described previously (Schleheck et al., 2009). Briefly, overnight
cultures of P. aeruginosa mutants or the wild type grown in M9
supplemented with casamino acids and glucose were adjusted to
an OD600 of 0.01 and 1 ml of this suspension was distributed into
wells of a 24 well plate. Biofilm attached to the wells of the plate
was quantified by Crystal Violet (CV) assay. Briefly, the wells
were washed once with 1.5 ml M9 medium to remove loosely
attached cells. Staining was carried out with 1.75 ml CV solution
(0.1% w/v). Unbound CV was removed by 3 washes with 2 ml
M9 medium. Finally, 2 ml of absolute ethanol was used to extract
bound CV by incubating on a rotary shaker 100 rpm for 10 min
at RT after which time, the OD570 was determined for 200 µl of
the ethanol extract using Tecan M200 Infinite microplate reader
(Tecan Group Ltd., Männedorf, Switzerland).

Fitness Assays for Planktonic Cultures
In vitro competition experiments between P. aeruginosa strains
and P. protegens were carried out in M9 cas glucose medium.
Overnight cultures of P. aeruginosa QS regulated mutants and P.
protegens Pf-5 were diluted 100 fold and 30 fold, respectively.
The different dilutions were used to ensure similar CFUs (1X106

cfu ml-1) were present at the start of the experiment, based on
comparisons of CFUs and OD (data not shown). Equal volumes
of each of the P. aeruginosamutants and P. protegens were mixed
and incubated with shaking at 200 rpm at RT. Bacteria were
enumerated at 0 and 24 h by dilution drop plating in duplicate.
One set of plates at 37˚C allowed growth of P. aeruginosa strains,
whereas incubation of duplicate plates at RT allowed growth of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
P. protegens. Bacteria were differentiated based on colony
morphology. The fitness of each species was calculated as
follows: Log[Fold change of mutant/fold change of wild type].

Growth Competition Assays on Agar
Plates
Cultures of P. aeruginosa strains grown at room temperature for
24 h were adjusted to OD600 = 0.1. A 500 ml aliquot of these
bacterial suspensions were plated on LB agar plates. P. aeruginosa
bacterial lawns were incubated for 2 h at room temperature.
Cultures of P. protegens Pf-5 or K. pneumoniae KP-1 grown at
room temperature for 24 h were adjusted to OD600 = 2 and 2 ml of
each of these suspensions were spotted on the P. aeruginosa lawns.
Plates were incubated for 2 to 3 d at room temperature. Growth
inhibition zones were observed after 36-48 h. P. aeruginosa strains
were screened for differences in the diameter of the growth
inhibition zone surrounding the P. protegens Pf-5 or K.
pneumoniae KP-1 colony in the middle on LB agar.
RESULTS

Pseudomonas aeruginosa Quorum
Sensing Modulates the Species
Composition of Biofilm Community
To determine the role of P. aeruginosa AHL quorum sensing (QS)
in the 3 species biofilm community, a comparison of wild type
P. aeruginosa relative to the QS mutants when present as part of the
mixed species biofilms was carried out after 3 and 5 d (Figure 1). At
day 3, the biovolumes per unit area of the mutant mixed-species
biofilms (16.0 ± 3.0 µm3 µm-2 for lasIrhlImixed-species and 16 ± 2.6
µm3 µm-2 for lasRrhlRmixed-species) were similar to when the wild
type P. aeruginosa was present in the community. This trend was
similar on day 5 and the wild type mixed species biofilm had
biovolumes that were similar to the QS mutants (data not shown).
While the overall biovolumes were similar, the proportions of K.
pneumoniae and P. protegens were significantly different for the QS
mutant mixed-species biofilms compared to when the wild type P.
aeruginosa was present in the biofilm community (Figures 1A, B).
Quantitative image analysis of the wild type mixed species revealed
that it was composed of 74.8 ± 11.7% and 76.7 ± 6.9% K.
pneumoniae, 6.3 ± 5% and 3.1 ± 2.8% P. aeruginosa and 18.8 ±
10.1% and 20.1 ± 7.9% P. protegens at days 3 and 5, respectively. In
contrast, when the signal or receptor mutants of P. aeruginosa were
present, the relative proportions of K. pneumoniae decreased, with a
concomitant increase in P. protegens and a slight increase in P.
aeruginosa for both time points. The community with the lasIrhlI
mutant had lower proportions of K. pneumoniae and higher
proportions P. protegens compared to the wild type community
(Figures 1A, B). After 3 d, biofilms formed with the lasIrhlImutant
had 28 ± 13.5% K. pneumoniae, 17.6 ± 11.5% P. aeruginosa and
54.2 ± 21.8% P. protegens and at 5 d, these were 33.7 ± 13.5% K.
pneumoniae, 5.5 ± 7.6% P. aeruginosa and 60.7 ± 20.7% P.
protegens. The community with the lasRrhlR mutant also had
similar changes in proportions of K. pneumoniae and P. protegens
(Figures 1A, B). After 3 d, biofilms formed with the lasRrhlR
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mutant had 17.3 ± 15.7% K. pneumoniae, 9.7 ± 7.2% P. aeruginosa
and 72.8 ± 20.5% P. protegens and at 5 d, these were 38.1 ± 11.6% K.
pneumoniae, 2.9 ± 3.3% P. aeruginosa and 58.8 ± 12.2% P.
protegens. These results show that the proportions of K.
pneumoniae and P. protegens were affected by a functional QS
system of P. aeruginosa, while there was no significant change in the
relative abundance of P. aeruginosa.

Analyses of the images of wild type and QS mutant mixed
species biofilms was also performed for five parameters,
microcolony size, thickness, roughness coefficient, surface to
biovolume ratio and substratum coverage (Table 2). At both 3
and 5 d of biofilm growth, the P. aeruginosa wild type mixed
species community had a larger microcolony size for
K. pneumoniae when compared to K. pneumoniae in the
lasIrhlI and lasRrhlR mixed species biofilms. Similarly, the P.
aeruginosa wild type mixed species had thicker K. pneumoniae
and thinner P. protegens biofilm structures when compared to K.
pneumoniae and P. protegens in the lasIrhlI and lasRrhlR mixed
species biofilms. P. aeruginosa thickness was not significantly
different between these biofilms. The roughness coefficient
provides a measure of how much the thickness of the biofilm
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
varies. Both at 3 and 5 days of biofilm growth, the P. aeruginosa
wild type mixed species community had a less heterogeneous K.
pneumoniae and more heterogeneous P. protegens biofilm
structure when compared to K. pneumoniae and P. protegens
in the lasIrhlI and lasRrhlRmixed species biofilms. The surface to
biovolume ratio values supports the thickness measurements.
Finally, both at 3 and 5 d of biofilm growth, the P. aeruginosa
wild type mixed species biofilms had higher substratum coverage
for K. pneumoniae and lower substratum coverage for P.
protegens biofilm when compared to K. pneumoniae and P.
protegens in the lasIrhlI and lasRrhlR mixed species biofilms.
Pseudomonas aeruginosa Quorum
Sensing Modulates Interaction With
Pseudomonas protegens and Not
Klebsiella pneumoniae in Dual-Species
Biofilms
We hypothesized that the effect of P. aeruginosa QS on
community composition could be due to specific interactions
with the other two species in the community. Therefore, dual-
A

B

FIGURE 1 | Proportions of the mixed species biofilm. The proportions of the three species in the mixed species biofilm containing either the P. aeruginosa wild type
or the QS mutants (lasIrhlI or lasrRrhlR) after (A) 3 days and (B) 5 days of cultivation. Bar charts depict the percentages of K. pneumoniae, P. aeruginosa, and P.
protegens in the wild type or QS mutant mixed species biofilm. The proportions were derived by cultivating biofilms under flow cell conditions followed by quantitative
image analysis of two independent biological replicates. Error bars represent standard deviations (n = 2). *** and **** denote significant difference by two-way ANOVA
followed by Tukey’s post-test (P < 0.001 and P < 0.0001).
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species biofilms of P. aeruginosa wild type with P. protegens and
P. aeruginosa wild type with K. pneumoniae were cultivated
separately and compared to biofilms where the wild type P.
aeruginosa was substituted with the isogenic QS mutants (Figure
2). After 3 d, the proportions were 52.5 ± 17.8% wild type P.
aeruginosa and 47.4 ± 17.8% K. pneumoniae. When either of the
QS mutants were introduced, the proportions of K. pneumoniae
increased slightly, but not significantly, with a similar reduction
in the proportion of the mutants. When cultivated for 5 d, we
again saw only a slight increase in K. pneumoniae when
cultivated with the QS mutants compared to when the wild
type was present. This shows that QS does not drive the
interactions between P. aeruginosa and K. pneumoniae, as
defined by their relative proportions, between these two species
under these conditions (Figures 2A, B).

In contrast, deletion of QS in P. aeruginosa led to significant
changes in the composition of dual species biofilms in the
presence of P. protegens. When the wild type P. aeruginosa was
present, it accounted for approximately 40% of the biofilm
biomass with the remaining ~60% contributed by P. protegens
at 3 and 4 d (Figures 3A, B). In contrast, on day 3 the
proportions of the lasRrhlR and lasIrhlI mutants in the dual-
species biofilms were significantly lower (13.5 ± 4.4% and 16.9 ±
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
4.3%, respectively), with the remaining 83-85% contributed by P.
protegens. By day 4, the QS mutants were present at only 4-8%.
Collectively, these results show that P. aeruginosa and P.
protegens exhibit a competitive interaction that is controlled by
the P. aeruginosa QS system.

Complementation of the QS mutants showed full restoration
of phenotypes such as swarming, elastase activity and protease
activity to wild type levels (Figures S1A–C). Dual species
biofilms were also formed with lasRrhlR mutant carrying the
complementation vector, pUC22notI+R2, for P. aeruginosa-P.
protegens dual species biofilms (Figure S2). After 3 d, the dual
species biofilm containing the complemented lasRrhlR mutant
had biovolumes of 24.4 ± 17.9% lasRrhlR/pUCP22notI+R2 and
75.5 ± 17.3% P. protegens, respectively. Therefore, the
complemented lasRrhlR mutant formed dual species biofilms
that were not significantly different from, but slightly lower than,
when the wild type was present with P. protegens.

Quorum Sensing-Regulated Effectors Play
a Cumulative Role in Interspecies
Interactions
QS regulated genes in P. aeruginosa include those coding for
secondary metabolites (phenazines, PQS), virulence factors,
TABLE 2 | Structural features of wild type P. aeruginosa and QS mutant mixed species biofilms.

Day Channel P. aeruginosa mixed species lasIrhlI mixed species lasRrhlR mixed species

Average microcolony size at the substratum (µm^2)
3 K. pneumoniae 1055.63 ± 50.17 379.39 ± 126.26 512.55 ± 23.07

P. aeruginosa 0 113.56 ± 160.61 135.20 ± 0.09
P. protegens 0 1179 ± 1667.74 2,442.97 ± 733.96

5 K. pneumoniae 7,256.26 ± 1,584.76 2,081.06 ± 2,294.75 2,414.72 ± 2,836.66
P. aeruginosa 274.27 ± 387.87 688.30 ± 973.41 222.59 ± 314.80
P. protegens 385.74 ± 545.52 1,115.15 ± 501.54 902.27 ± 139.75

Average thickness (Biomass) (µm)
3 K. pneumoniae 43.44 ± 1.41 39.22 ± 0.60 36.84 ± 2.12

P. aeruginosa 10.29 ± 7.40 19.45 ± 2.37 13.53 ± 7.46
P. protegens 12.93 ± 10.02 40.88 ± 11.48 44.78 ± 12.29

5 K. pneumoniae 59.54 ± 8.83 43.61 ± 1.31 42.77 ± 3.76
P. aeruginosa 11.56 ± 9.07 10.75 ± 2.83 8.98 ± 4.81
P. protegens 23.66 ± 3.84 37.33 ± 21.26 33.66 ± 18.62

Roughness Coefficient (Dimensionless)
3 K. pneumoniae 0.5 ± 0.15 0.55 ± 0.20 0.82 ± 0.02

P. aeruginosa 1.77 ± 0.12 1.74 ± 0.24 1.77 ± 0.09
P. protegens 1.92 ± 0.10 0.81 ± 0.73 0.76 ± 0.34

5 K. pneumoniae 0.26 ± 0.10 0.47 ± 0.22 0.48 ± 0.21
P. aeruginosa 1.87 ± 0.18 1.94 ± 0.07 1.84 ± 0.02
P. protegens 1.73 ± 0.37 0.83 ± 0.89 0.83 ± 0.85

Surface to biovolume ratio (µm^2/µm^3)
3 K. pneumoniae 1.48 ± 0.54 1.80 ± 0.06 1.92 ± 0.37

P. aeruginosa 4.38 ± 0.75 3.81 ± 0.15 3.77 ± 0.34
P. protegens 4.31 ± 0.78 2.15 ± 1.19 1.87 ± 0.78

5 K. pneumoniae 0.69 ± 0.20 1.33 ± 0.60 1.36 ± 0.47
P. aeruginosa 4.35 ± 0.78 4.36 ± 0.32 4.49 ± 0.57
P. protegens 4.10 ± 1.07 2.48 ± 1.56 2.60 ± 1.43

Substratum coverage (%)
3 K. pneumoniae 19.51 ± 7.58 15.52 ± 4.56 15.71 ± 7.26

P. aeruginosa 6.61 ± 8.65 7.77 ± 9.19 6.38 ± 6.81
P. protegens 5 ± 4.72 16.48 ± 17.02 20.48 ± 11.04

5 K. pneumoniae 40.01 ± 8.23 26.59 ± 7.93 26.78 ± 3.39
P. aeruginosa 7.54 ± 8.36 6.05 ± 6.36 6.30 ± 7.01
P. protegens 5.55 ± 4.42 14.36 ± 8.69 14.85 ± 9.59
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nutrient acquisition (elastase, protease, pyoverdine) and toxins
(HCN, exotoxin) among others. It is possible that one or more of
these provide fitness advantage to P. aeruginosa wild type in the
presence of P. protegens. We therefore tested a range of mutants
for their impact on monospecies biofilm formation and growth.
These mutants were chosen as they represent some of the well-
characterized genes of the Las, Rhl and Pqs regulon. Most of the
mutants tested, including aprA, hcnB, lasB, phzA1, phzM, pqsA,
pqsE, pvdR, rhlA and sdsA1, showed no significant difference in
growth or monospecies biofilm formation (Figures S3 and S4).
Only aprD showed a significant reduction in monospecies
biofilm formation. There was also no difference in the fitness
of these mutants relative to the wild type P. aeruginosa when
grown in the presence of P. protegens during planktonic growth.
(Figure S5).

In order to pinpoint which QS effector was involved in
competitive interaction of P. aeruginosa with P. protegens and to
screen a larger number of mutants, we carried out a growth
inhibition assay on agar plates. Based on this screening, the lasIrhlI
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
and lasRrhlR mutants showed an altered inhibition zone in the
presence of P. protegens when compared to P. aeruginosa wild
type. This sensitivity of the lasRrhlR mutant was abolished by
providing the wild type copies of both genes in trans in the
complemented strain (Figure 4). No such zone of inhibition was
found when these mutants were tested in the presence of K.
pneumoniae (Figure S6). Furthermore, our results also revealed
that none of the mutants of QS effectors tested showed this altered
inhibition zone in the presence of P. protegens (Figure S7).

Since flow-cell conditions used for cultivation of biofilms are
very different from agar plates, we decided to evaluate the roles of
a subset of these QS effectors in dual and 3-species biofilms. First,
we tested mutants of various effector genes belonging to the Las,
Rhl and Pqs systems in dual species biofilms with P. protegens.
For the P. aeruginosa wild type and lasRrhlR communities the
proportions of P. aeruginosa were 64.8 ± 17.7% and 8.4 ± 8.8%,
respectively, whereas the proportions of P. protegens were 35.1 ±
17.3% and 91.5 ± 8.8%, respectively as expected. Although, the
proportions of P. aeruginosa, 20.6 ± 10.5% and 13.6 ± 14.8%,
A

B

FIGURE 2 | Proportions of K. pneumoniae-P. aeruginosa dual-species biofilm. The proportions of the two species in the dual species biofilm containing either the
P. aeruginosa wild type or the QS mutants (lasIrhlI or lasrRrhlR) after (A) 3 days and (B) 5 days of cultivation. Bar charts depict the percentages of K. pneumoniae and
P. aeruginosa in the wild type or QS mutant containing dual species biofilms. The proportions were derived by cultivating biofilms under flow cell conditions followed by
quantitative image analysis of two independent biological replicates. Error bars represent standard deviations (n = 2). ns denotes there were no significant differences.
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respectively, were lower for the communities containing mutants
of pvdR and rhlA compared to dual species biofilms with P.
aeruginosa wild type, only rhlA was significantly different
(Figure 5). The proportions of P. protegens was also much
higher (79.3 ± 10.5% and 86.3 ± 14.8%) for these two mutant
communities compared to wild type community. The
proportions of P. aeruginosa and P. protegens in hcnB, lasB
and pqsA communities were not significantly different when
compared to the wild type community.

When tested in triple species biofilms, for the communities
containing mutants of pvdR and rhlA, the proportions of K.
pneumoniae, 39.1 ± 18.3% and 24.7 ± 17.4%, respectively, were
lower compared to biofilms with the wild type P. aeruginosa but
only rhlA was significantly different (Figure 6). The proportion of
P. protegens was significantly different only for the pvdR mutant
mixed community (47.6 ± 8.5%). For the lasRrhlR community the
proportions of K. pneumoniae and P. protegens were 34.7 ± 15.5%
and 48.8 ± 14.8%, respectively, as expected. Interestingly, the
mixed species biofilm community formed with the rhlA mutant
had a significantly higher proportion of P. aeruginosa (45.4 ±
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
27.1%) compared to the wild type. Furthermore, the mixed species
biofilm community formed with the lasB mutant had a
significantly higher proportion of K. pneumoniae (89.8 ± 4.5%),
and significantly lower proportion of P. protegens (8 ± 2.9%), when
compared to wild type P. aeruginosa containing biofilm
community (70 ± 10.8% and 16.2 ± 11.3%, respectively) (Figure
6). The mixed species biofilm community formed with the hcnB
and pqsA mutant did not differ significantly from wild type P.
aeruginosa containing biofilm in its composition. These results
suggest that QS regulated genes do not contribute equally to
the community composition and that none have the same
magnitude of effect as the lasrRrhlR or lasIrhlI mutants. Thus,
the QS effectors may have a cumulative effect in determining
community composition.
DISCUSSION

In this work, we investigated the role of QS in interspecies
interactions in a defined 3-species bacterial community during
A

B

FIGURE 3 | Proportions of P. protegens–P. aeruginosa dual-species biofilm. The proportions of the two species in the dual species biofilm containing either the P.
aeruginosa wild type or the QS mutants (lasIrhlI or lasrRrhlR) after (A) 3 days and (B) 4 days of cultivation. Bar charts depict the percentages of P. protegens and P.
aeruginosa in the wild type or QS mutant dual species biofilm. The proportions were derived by cultivating biofilms under flow cell conditions followed by quantitative
image analysis of two independent biological replicates. Error bars represent standard deviations (n =2). **** denote significant difference by two-way ANOVA
followed by Tukey’s post-test (P < 0.0001).
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biofilm formation. We observed that the proportions of
K. pneumoniae and P. protegens were dictated by the presence
or absence of a functional P. aeruginosa QS system. We also
show that there is no effect of deletion of the various QS genes on
the relative fitness of the strains, further suggesting that it is the
loss of QS function that drives the changes in community
composition and structure. This effect was surprising as P.
aeruginosa represents only 1-10% of the mature biofilm
community, suggesting that even at a relatively low abundance,
this species can significantly modulate community interactions.
QS was shown to play a significant role in specifically modulating
community composition between P. aeruginosa and P. protegens,
with little to no effect on K. pneumoniae. We also showed that
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
several downstream QS targets cumulatively mediate this
competitive effect.

The complemented lasRrhlR mutant completely restored
known QS regulated phenotypes, e.g. swarming, elastase
activity and protease activity in in vitro assays. In addition,
complementation also restored competitive advantage over P.
protegens in growth assays on agar surface (Figure 4). While the
relative abundances of the complemented strains were not
significantly different from the wild type when grown in the
mixed species biofilm, they were none the less slightly lower than
for the wild type (Figure S2). The lower abundances achieved for
the complemented strains might be due to higher and earlier
expression of the QS genes from the multi-copy plasmids used
FIGURE 4 | Pseudomonas aeruginosa mutants affected in competition with P. protegens. P. protegens was spotted on a lawn of P. aeruginosa wild type, QS mutants
or complemented strains on LB agar plate. This panel shows the plate phenotype on day 1 and day 2 and the inhibition zone is observed from the second day.
FIGURE 5 | Proportions of P. protegens - P. aeruginosa dual species biofilm containing mutants of QS regulated effectors. The proportions of the two species in the
mixed species biofilm containing either the P. aeruginosa wild type, the QS mutant lasRrhlR or the QS target mutants hcnB, lasB, pvdR, rhlA, or pqsA after 3 days of
cultivation. Bar charts depict the percentages of P. aeruginosa and P. protegens in the wild type or the mutant dual species biofilms. The proportions were derived
by cultivating biofilms under flow cell conditions followed by quantitative image analysis of two independent biological replicates. Error bars represent standard
deviations (n = 2). * and ** denote significant difference by two-way ANOVA followed by Tukey’s post-test (P < 0.05; P < 0.01).
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for complementation. In addition to the amount of signal
production, the level of signal receptor, LasR, production is
known to be a critical factor in QS mediated gene expression
linked to biofilm formation (Schuster et al., 2003; Rutherford and
Bassler, 2012). This may in part be due to the expression of LasR
and RhlR at late logarithmic and early stationary phase in
planktonic cultures. Thus, given that the receptor genes were
expressed on a multicopy plasmid, it is likely that the receptors
were produced earlier in the complemented strain than normal.
This could lead to the expression of QS regulated functions at a
lower cell density by the complemented strain, which might
consequently lead to its earlier detection by the competing
bacterial species, P. protegens, likely leading to its removal and
lower abundance. Therefore, optimal timing of expression of QS
regulators LasR and RhlR might play an important role in the
competition with P. protegens during early biofilm formation.

K. pneumoniae KP1 and P. protegens Pf-5 carry one and two
luxR homologs, respectively, but they do not produce AHLs. It is
possible that both K. pneumoniae and P. protegens in
multispecies communities might sense and respond to foreign
AHLs to regulate biofilm formation. This has previously been
reported for multispecies biofilms formed by P. aeruginosa
and Burkholderia cepacia in the lungs of CF patients
(Van Delden and Iglewski, 1998; Huber et al., 2001; Riedel
et al., 2001). Indeed, cross-species or cross-kingdom signal
perception is the most commonly reported role of QS for
communities. However, both of the P. aeruginosa lasRrhlR and
lasIrhlI mutants show similar proportions in the 3-species
community as do the individual QS effector mutants. This
suggests that it is the P. aeruginosa QS regulon that mediates
interaction with the other two species and not simply signal
perception by those species through their LuxR homologs.
However, it will be interesting to study whether AHLs directly
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
influence biofilm formation by P. protegens and K. pneumoniae
in future studies.

In dual species biofilms, there was no effect of QS on the
relative abundance of either K. pneumoniae or P. aeruginosa
(Figure 2) under the conditions used in this study. Also, the K.
pneumoniae - P. protegens interaction appeared to be neutral,
where both species were present in equal abundance (data not
shown). However, QS provided a competitive advantage to P.
aeruginosa when cultivated with P. protegens (Figure 3).
Although there are several reports on the role of QS in
laboratory dual species co-culture systems and it is predicted
to influence more complex community dynamics, there is not
much direct evidence for the latter, which has been shown here
(Mazzola et al., 1992; Flemming andWingender, 2010; Tan et al.,
2014). Specifically, P. aeruginosa interaction with B. cepacia sp.,
A. tumefaciens, S. aureus and B. cenocepacia has been shown to
be due to QS regulated antimicrobial production and AHL
eavesdropping in planktonic cultures (Lewenza et al., 2002; An
et al., 2006; Costello et al., 2014; Smalley et al., 2015). In
Agrobacterium tumefaciens-P. aeruginosa dual species biofilms,
the wild type P. aeruginosa completely blanketed A. tumefaciens
and progressively excluded A. tumefaciens from the biofilm while
a P. aeruginosa QS mutant did not. This was controlled by
antimicrobial production and swarming (An et al., 2006). We
propose that P. aeruginosa - P. protegens interactions in dual
species biofilms is a two-way interaction involving functions
from both bacteria which provide them competitive advantage
and results in mutual exclusion. A number of QS regulated P.
aeruginosa products such as rhamnolipids, hydrogen cyanide,
pyocyanin and pyoverdine are known to be important for
competition with other bacteria; these effects are likely to be
multifactorial with some antimicrobials having a greater effect
(Smalley et al., 2015). Similarly, P. protegens is also known to
FIGURE 6 | Proportions of mixed species biofilm containing mutants of QS regulated effectors. The proportions of the three species in the mixed species biofilm
containing either the P. aeruginosa wild type, the QS mutant lasRrhlR or the QS target mutants hcnB, lasB, pvdR, rhlA, or pqsA after 3 days of cultivation. Bar charts
depict the percentages of K. pneumoniae, P. aeruginosa and P. protegens in the wild type or the mutant mixed species biofilms. The proportions were derived by
cultivating biofilms under flow cell conditions followed by quantitative image analysis of 2 independent biological replicates. Error bars represent standard deviations
(n = 2). * and *** denote significant difference by two-way ANOVA followed by Tukey’s post-test (P < 0.05; P < 0.001).
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produce a cocktail of both antifungal and antibacterial secondary
metabolites including 2,4-diacetylphloroglucinol, pyoluteorin,
pyrrolnitrin, extracellular protease, hydrogen cyanide and
siderophores pyochelin and pyoverdine (Paulsen et al., 2005).
It has been proposed that the natural function of multi-drug
resistance efflux pumps in P. aeruginosa could be to excrete a
particular class of secondary metabolite (Poole, 1994). It is thus
possible that QS regulated efflux systems also protects P.
aeruginosa against one or more antimicrobials produced by P.
protegens and future work will address these mechanisms.

Our results with QS and target mutants revealed that most of
the mutants except aprD were proficient for biofilm formation in
batch cultivation assays (Figure S4). Previous reports indicate
that P. aeruginosa QS is required for biofilm formation.
Specifically, the Las system has been shown to control
progression from reversible to irreversible attachment whereas
the Rhl system is responsible for biofilm maturation (Jaffar-
Bandjee et al., 1995; Davies et al., 1998). However, in our
experiments, monospecies biofilms, formed by lasIrhlI and
lasRrhlR mutants under flow-cell conditions did not show any
difference compared to P. aeruginosa wild type in terms of
biovolume and thickness (Figure S8). Moreover, among the
QS target mutants, pqsA, pqsE and rhlA have also shown to be
defective for biofilm maturation (Yang et al., 2009; Darveau et al.,
2012; Hajishengallis et al., 2012). The effects of Pqs system on
biofilm structure was shown to be iron dependent. Although
rhlA mutant has been shown to form flat biofilms lacking
heterogeneity of wild type biofilms in the flow-cell system, in
the same study it has been reported that in microtiter dish assays
the rhlA mutant is more proficient at early colonization (up to
24 h) than is the wild type (Darveau et al., 2012). Active iron
uptake has been shown to be important for P. aeruginosa biofilm
architecture as pvdS and pvdAmutants form thin biofilms (Banin
et al., 2005; Yang et al., 2009). However, pvdA and pvdEmutants
form nearly normal biofilms in microtiter dish assays (Kang and
Kirienko, 2017). Our experiments to test biofilm formation by
QS target mutants was carried out under batch culture
conditions. As described above, there are differences in the
medium and carbon source/s, cultivation temperature and
cultivation system between the previous studies with these
mutants and the work we have presented here; this might
account for the observed biofilm formation phenotypes. For
example, Davies et al. (Davies et al., 1998) showed that the QS
defect in biofilm formation by P. aeruginosa could be overcome
by growing the mutant in complex (LB) rather than
defined media.

In order to narrow down the processes involved in
competition, we investigated interactions between P.
aeruginosa and P. protegens in dual and 3-species biofilms
where the wild type P. aeruginosa was substituted by mutants
of several QS regulated genes, including rhlA and pvdR. rhlA
mutant was significantly less competitive than wild type in dual
species community with P. protegens (Figure 5). Interestingly,
when wild type P. aeruginosa was substituted by the rhlAmutant
in the 3-species community, there was a significant increase in
the biomass of the rhlA mutant (Figure 6). Mutants in rhlA are
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
defective for the production of the biosurfactant rhamnolipid
which promotes motility and affects the architecture of
monospecies P. aeruginosa biofilms (Davey et al., 2003).
Rhamnolipids might affect both cell-cell and cell-surface
interactions (Neu, 1996). In fact, in the wild type, when
rhamnolipids are produced, they might prevent self-
colonization as well as colonization by other species. This
inhibition is lacking in the rhlA mutant community. Only
pvdR showed trends of alteration of both K. pneumoniae and
P. protegens similar to the QS mutants in 3-species biofilms,
although in dual species pvdR community this difference was not
significant. PvdR is involved pyoverdine transport and recycling
in P. aeruginosa and its mutants accumulate pyoverdine in the
periplasmic space and are unable to acquire ferric iron efficiently
via pyoverdine pathway (Imperi et al., 2009). This suggests that
optimal iron uptake and possibly use of heterologous
siderophores might be important for maintaining the 3-species
community composition as fluorescent Pseudomonads are
known to produce multiple pyoverdines (Cornelis and
Matthijs, 2002). Together, these results suggest that QS
regulated effectors affect the community composition in
different ways. Specifically, we found that reduction of K.
pneumoniae biomass was not always linked to increase in P.
protegens biomass in the 3-species biofilm. It is also interesting
that QS did not alter the relationship between P. aeruginosa and
K. pneumoniae despite the clear reduction in the latter when the
QS mutants of P. aeruginosa are present in the three species
community. Further work will be needed to elucidate how QS
effectors operate in the three species community to control
composition. Similarly, the mechanisms of competition
mediated by secondary metabolites of P. protegens and their
role in biofilms require further investigation and are beyond the
scope of the present study.

The least abundant bacterium in this 3-species biofilm
community, P. aeruginosa, determined the proportions of the
other two species. This finding shows an effect of QS on non-
clonal cells even when present in low abundance in a
polymicrobial community. It has been similarly reported that
Microbacterium oxydans, the least abundant species, determined
the spatial organization of others in a four-species community
(Liu et al., 2017). Additionally, P. gingivalis, which is present in
relatively low abundance, is responsible for triggering changes in
both amount and composition of oral commensal microbiota
(Hajishengallis et al., 2011). These bacteria are examples of
keystone species in a community (Hajishengallis and Lamont,
2016). Low abundant species in communities are often
overlooked due to the limitation of omics approaches in
delineating their role in these biofilms. Despite some of those
limitations, it is none the less possible to identify potential
keystone species in complex communities, such as wastewater
systems, through network analysis. Indeed, such network
analyses have been extended to functional genes within sludge
communities to identify those genes, termed keystone genes, that
play essential, linking roles, between community members and
presumably sludge function (Roume et al., 2015). The role of
low-abundance keystone pathogens that promote the formation
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and stabilization of dysbiotic and disease-inducing communities
in the human gut have been reported (Hajishengallis et al., 2012).
There are also keystone organisms that act as stabilizers that kill
opportunistic pathogens but not the indigenous gut bacteria
(Stecher et al., 2013). For example, it has been shown that P.
aeruginosa senses peptidoglycan and diffusible signals produced
by other bacteria to modify community composition and
persistence in P. aeruginosa-dominated disease conditions
(Twomey et al., 2012; Korgaonkar et al., 2013). The role played
by low abundance bacteria producing these signals in shaping
community-level changes would be consistent with their position
as keystone bacteria. Our findings clearly demonstrate that a
bacterium does not need to be the most abundant organism in
the biofilm to be important for controlling the community
structure and composition of bacterial species. In this way, P.
aeruginosa serves as a keystone species in this biofilm
community. The results presented here also demonstrate how a
genetically amenable system can be well suited to test hypotheses
about the roles and mechanisms of keystone species in mixed
species communities.

Of the three species used in this study, P. aeruginosa and K.
pneumoniae are opportunistic human pathogens known to occur
together in human-associated infections such as respiratory tract,
chronic wound and urinary tract infections (Harmsen et al., 2010;
Rezaei et al., 2011; Magill et al., 2014). Both bacteria adapt to
airways and other biotic surfaces through biofilm formation which
contributes to the success of these pathogens (Riquelme et al.,
2018). These bacteria often occur with other bacteria in
polymicrobial interactions associated with human disease and
some of these interactions have been studied (Peters et al.,
2012). P. protegens, predominantly studied as a plant-protecting
bacterium, is not generally considered a human pathogen
although bacteria of the P. fluorescens complex have been
isolated in clinical samples from mouth, stomach and lungs
(Paulsen et al., 2005; Scales et al., 2014). Colonization studies of
roots and biofilm formation by P. protegens have been reported
but interaction with other members of rhizosphere communities is
less studied. Most of the community studies use a top-down
approach to interrogate the properties of community dynamics
and function. However, these studies have yielded less information
regarding specific mechanisms, interactions and community
assembly. Understanding the different 2-species interactions in
our mixed-species community is an advantage for future studies
with increasing community complexity made up of bacterial
species having either clinical or environmental relevance.

In conclusion, P. aeruginosa QS is an important modulator of
the composition and structure of the 3-species biofilm community.
In this system, P. aeruginosa functions as a keystone species that
modulates the relative abundances of the species within its local
environment. Future studies need to focus on the mechanisms
behind changes in the proportions of both K. pneumoniae and P.
protegens in the 3-species biofilm community. Competitive
interactions between two members of this community, P.
aeruginosa and P. protegens, appear to be responsible for this
phenotype. Therefore, further studies on P. aeruginosa QS
regulated functions and P. protegens secondary metabolites
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13
might help us to understand principles of antagonistic and
competitive interactions within a developing biofilm.
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Supplementary Figure 1 | QS regulated phenotypes of P. aeruginosa wild type,
lasRrhlR mutant and the complemented strain. (A) Swarming motility of indicated
strains on 0.5% swarm agar. Plates were incubated at 37°C for 16 h. Bars
represent average diameter of the swarm area. (B) Protease activity of indicated
strains on 1% skimmed milk containing LB agar plates. Plates were incubated at
37°C for 16 h. Bars represent average diameter of the zone of clearance around the
colonies. (C) Elastase activity of indicated strains measured by mixing 100 µl of
culture supernatant with 900 µl of Elastin-Congo Red containing buffer and
incubating overnight at 37°C. Elastase activity was calculated by measuring the
absorbance (OD495) of the supernatant. Bars represent OD495 values obtained after
subtracting the values of medium control from the sample values. The data are
averages from three independent biological replicates. **** denotes significant
difference by One-way ANOVA followed by Tukey’s post-test (P<0.0001). 1, wild
type P. aeruginosa; 2, lasRrhlR; 3, lasRrhlR/pUCP22notI+R2.

Supplementary Figure 2 | Proportions of P. aeruginosa wild type, lasRrhlR
mutant and the complemented strain in dual-species biofilms. The proportions of
the two species in the dual-species biofilm containing either the P. aeruginosa wild
type, the QSmutant lasRrhlR or the complemented strain after 3 d of cultivation. Bar
charts depict the percentages of P. aeruginosa and P. protegens in the wild type,
the mutant or the complemented dual-species biofilms. The proportions were
derived by cultivating biofilms under flow cell conditions followed by quantitative
image analysis of two independent biological replicates. Error bars represent
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standard deviations (n=2). * denotes significant difference by Two-way ANOVA
followed by Tukey’s post-test (P<0.05).

Supplementary Figure 3 | Growth curves of wild type and QS effector mutants
of P. aeruginosa in M9 minimal medium containing glucose and casamino acids. P.
aeruginosa wild type and different QS effector mutants were incubated at room
temperature in 96 well microtiter plates and absorbance (OD600) recorded at regular
intervals. Data shown are average of three independent biological replicates.

Supplementary Figure 4 | Biofilm formation of wild type and QS effector mutants of
P. aeruginosa in M9 minimal medium containing glucose and casamino acids. P.
aeruginosaWT and different QS effector mutants were incubated at room temperature in
24 well microtiter plates and the amount of biofilm formed quantified as absorbance
(OD570) after crystal violet staining. Data shown are average of 3 biological replicates.

Supplementary Figure 5 | Fitness assays for wild type and QS effector mutants
of P. aeruginosa in the presence of P. protegens in planktonic cultures. Equal
volumes of P. aeruginosa wild type or QS effector mutants were mixed with P.
protegens and allowed to grow for 24 h at room temperature. Bacteria were
enumerated at zero and 24 h. Fitness was plotted as Log[Fold change of mutant/
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fold change of wild type]. Data shown are average of three independent biological
replicates.

Supplementary Figure 6 | Pseudomonas aeruginosamutants are not affected in
competition with K. pneumoniae. K. pneumoniae was spotted on a lawn of P.
aeruginosa wild type, QS mutants or complemented strains on LB agar plate. This
panel shows the plate phenotype on day1 and day2.

Supplementary Figure 7 | Pseudomonas aeruginosa QS target mutants are not
affected in competition with P. protegens. P. protegens was spotted on a lawn of P.
aeruginosa wild type or QS target mutants on LB agar plate. This panel shows the
plate phenotype on day1 and day2.

Supplementary Figure 8 | Proportions of the P. aeruginosa monospecies
biofilm. The biovolume per unit area in the monospecies biofilm containing either the
P. aeruginosa wild type or the QS mutants (lasIrhlI or lasrRrhlR) after 3 d of
cultivation. Bar charts depict the biovolume per unit area of P. aeruginosa wild type
or QS mutant monospecies biofilm. The values were derived by cultivating biofilms
under flow cell conditions followed by quantitative image analysis of two
independent biological replicates.
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